Fourteen triorganotin compounds were tested against the second to the fourth instar larval stages of Anopheles stephensi (An. stephensi), a vector for human malaria. In general, the tricyclohexyltin compounds were the most effective. The LC50 values of the tricyclohexyltin compounds ranged from 0.010 μΜ for the chloride to 0.258 μΜ for the fluoride substituent against the second instar larval stage. Triphenyltin hydroxide and triphenyltin fluoride were the least effective larvicides. This was attributed to their polymeric nature. The efficacy of the triorganotins declined from the second instar to the fourth instar larval stages due to the formation of a thicker chitin covering. In general, the toxicity of the triorganotin compounds was found to be more dependent on the nature of organic ligand attached to the tin atom and not the anionic substituent.
INTRODUCTION
Malaria is one of the most widespread infectious diseases in the world. More than 40% of the world's population lives in tropical areas where they are at risk of malaria transmission.
1 Between 300 to 500 million people are infected each year with an estimated 1.5 -2.7 million deaths per year, often among children under five years of age. 2 Great strides were made in reducing malaria in many countries in the 1950-60s, but there was a worldwide resurgence due to dichlorodiphenyltrichloroethane (DDT) resistant mosquitoes 3 · 4 and chloroquine 2 resistant malaria. Furthermore, many countries mistakenly believed malaria was no longer a serious threat, and reduced funding for its control. 2 As a result of these and other factors, malaria is once again a prevalent and dangerous disease in the tropics and subtropics. Thus, the development of a more effective larvicide/insecticide to combat malaria would be of worldwide interest.
Organotin compounds have a wide range of industrial applications, 5 " 7 including usage as fungicides, 8 " 10 aquatic biocides, 11 -12 and in stone preservation. 13 For example, triphenyltin compounds are used to combat a host of fungal diseases, 8 which is responsible for the transmission of yellow and dengue hemorrhagic fever. In the present work, we report the results of the larvicidal activity of fourteen organotin compounds against the second to fourth instar stages of the Anopheles stephensi (An. stephensi) larvae, a vector for human malaria.
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Larvae Toxicity Studies
The toxicity studies were performed in 100 χ 15 mm Petri dishes using 20 An. stephensi larvae in the various instar stages (2 nd -4 th ). The An. stephensi larvae were transferred into the Petri dishes in a volume of 100 μΐ using a micro-pipetter. Aliquots of the triorganotin solution were then added to the Petri dish containing deionized water and larvae, to give the desired concentration of triorganotin. The control assay consisted of solvent, larvae and deionized water. The total assay volume in each case was 20 cm 3 . The total tin concentration remained constant during the study. Each concentration assay was done in triplicate. The larvae were exposed to the triorganotin compounds for 24 h and the mortality rates for the mosquito larvae were determined by visual counting. Mosquito larvae that showed a slight reflex to disturbance were considered alive. The Reed-Muench 19 · 20 analysis was used to determine the LC50 (concentration at which the test compounds killed one-half of the test organisms) values.
RESULTS AND DISCUSSION
The LC50 values for the fourteen organotin compounds tested on the second to the fourth instar larval stages of the Anopheles stephensi mosquito are listed in Table I . The efficacy of the organotin compounds was evaluated by grouping the potency of the compounds according to the organic group (Table  II) or anionic substituent (Table III) attached to the tin atom. 
In general, the efficacy of the triorganotin compounds decreased from the second instar to the fourth instar larval stages. The decrease in the efficacy may be attributed to the formation of chitin which surrounds the larvae. As the larvae matures the chitin becomes thicker, thus a higher concentration of triorganotin is required to cause toxicity (Table I) . A similar observation was made by Francis et al, 21 in which they observed an approximate ten fold decrease in activity after 48h for the natural product, dioncophylline A, a naphthylisoquinoline alkaloid, when tested against the 1st to the 4th larval stages of An. stephensi.
From the results shown in Tables I-III , the efficacy of the organotin compounds tested depended more on the type of organic group attached to the tin atom than the anionic substituent. A similar finding was observed by Kumar Das et al 18 for a series of organotin compounds tested against the larvae of the Aedes aegypti mosquito. Ph > Bu Bu > Ph Cy = cyclohexyl; Ph = phenyl; Me = methyl; Bu = n-butyl As evident from Table I , the triorganotin compounds with the greatest overall larvicidal activity against the three instar stages tested were the tricyclohexyltin compounds. The least overall effective compounds tested were triphenyltin hydroxide and triphenyltin fluoride. Their LC50 values against the fourth instar stages were both > 16.3μΜ. The low efficacies of these compounds may be attributed to the polymeric nature of Ph3SnOH 22 and Pl^SnF. 23 The polymeric nature of these compounds would prevent them from dissociating into their respective cations and their subsequent interactions with the mitochondrial membrane in the cytoplasm. It is this interaction of the cationic species with the mitochondria that has been reported to be the cause of triorganotin toxicity. 24 Triorganotin compounds can dissociate into the RßSn" 1 " and X" species in the following manner R3SnX R3Sn + + X", with varying degrees of interaction between the ions produced. 25 A comparison of the larvicidal activity of triorganotin compounds to other types of larvicides evaluated against the An. stephensi mosquito indicated that this class of compounds are effective. For example, the LC50 values for tricyclohexyltin chloride (Cy3SnCl) and tributyltin chloride against the second instar stage of An. stephensi were 3.45 χ 10" 3 mg dm" 3 (0.008 μΜ) and 8.0 χ 10" 2 mg dm" 3 (0.025 μΜ), respectively. These results are comparable to the LC50 values reported for the synthetic pyrethroid insecticide, deltamethrin, which has an LC50 value of 5.25 χ 10" 3 mg dm" 3 against the larvae of a laboratory cultivated An. stephensi, 26 The larvicidal activities of tricyclohexyltin chloride and tributyltin chloride against the second instar stage were also comparable to the activities of two organophosphate insecticides, temephos and folithion, which have LC50 values of 1.37 χ 10" 3 mg dm" 3 and 7.08 χ 10" 2 mg dm" 3 , repectively 26 , against the An. stephensi larvae. Furthermore, the activities of Cy3SnCl (3.45 xlO" 3 mg dm" 3 ; 0.008μΜ), Cy 3 SnOH (5.4 χ 10" 2 mg dm" 3 ; 0.014μΜ), Ph 3 SnOAc (5.0 χ 10" 2 mg dm" 3 ; 0.122 μΜ), Me 3 SnCl (3.8 χ 10" 2 mg dm" 3 ; 0.322μΜ) and Bu 3 SnOAc (4.0 χ 10" 2 mg dm" 3 ; 0.114μΜ) against the second instar stage of An. stephensi were better at least by a factor of 10 than the reported activity for dioncophylline A, a naphthylisoquinoline alkaloid 21 against younger larval stages of An. stephensi.
George Eng et al. Main Group Metal Chemistry
In general, the biological effects of trialkyltins are manifested when these compounds enter the mitochondria as lipophillic cations (alkyl)3Sn + . 24 The influx of the charged species is followed by the extrusion of the electroneutral hydroxyl compounds, (alkyl^SnOH which leads to membrane depolarization 24 Once the active cationic organotin species crosses the mitochondrial membrane, they cause the uncoupling of the phosphorylation reaction and prevent the passage of protons across the inner membrane of the mitochondria. This then prevents the production of adenosine triphosphate (ATP) from adenosine diphosphate (ADP). This uncoupling reaction depends on the permeability of the cationic species of the organotin compound. 24 These manifested biological effects are more prominent with the hydrophobic compounds such as tributyltins and less effective in the more hydrophillic compounds such as trimethyltins, which is in agreement with the observed results.
The ability of the cationic species to cross the biological membrane, and the subsequent biocidal effect of the cationic species can be assumed to be dependent on membrane thickness and structural characteristics such as charge, size and solubility of the compound. This assumption is in agreement with Hayton and Barron 1 who have indicated that the diffusion of molecules through the lipid portion of the membrane is a multi-phase process. The biotoxicity of triaryltins towards Ceratocystis ulmi has also been shown to be a multi-step process. 28 Using these criteria, it would follow that the expected uptake and subsequent toxicity of the triorganotin compounds can be related to their hydrophobic or hydrophillic character, the formation of the active ionic species (R3Sn + ), as well as the extrusion of the electroneutral hydroxyl species (alky^SnOH). Thus, a moderate hydrophobic ionic species can be expected to be taken up more readily and thus be able to interact with the mitochondria more effectively while an extremely hydrophobic compound can be expected to bioaccumulate or be sequestered in the membrane once they are taken up by the cell. This is in agreement with our results that the more hydrophobic triphenyltins are not as effective as the less hydrophobic tricyclohexyltins. In addition, the more hydrophillic trimethyltins are Vol. 22, No. 5, 1999 
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In conclusion, triorganotin compounds were shown to be effective larvicides, against An. stephensi when compared to some synthetic larvicides. The activities of the more active triorganotin compounds such as the tricyclohexyltins should be investigated for their specificity of action and field studies should be initiated.
